Extracts of the culture broths of Aspergillus sydowii SCSIO 00305 and Penicillium chrysogenum SCSIO 00258 exhibited a relatively broad spectrum of antifouling activity against various biofoulers. The main chemical components of their bioactive fractions were analyzed and identified by LC-MS and from literature data. Two bioactive fractions comprised of 1α-methoxyroquefortine C, meleagrin, roquefortine C and isoroquefortine C exhibited more significant anti-barnacle activity than meleagrin in field bioassays, suggesting that the combination of different bioactive compounds could display a stronger antifouling activity than a single compound in the complicated marine ecological environments.
Marine biofouling, an undesirable accumulation of marine bacteria, algae and invertebrates on human-made surfaces of marine infrastructures, is of major economic concern to all marine industries [1] . In order to reduce the economic effects of marine biofouling, various antifouling strategies have been adopted by marine industries. Antifouling paints containing organotin have been the main and effective strategies against marine biofouling in the past [1] . Recently, after the definitive ban on organotin antifouling coatings due to their extreme danger to the environment, various booster biocides have been commercialized and widely incorporated into marine paints to deter the adhesion of marine organisms [1] . However, these biocides have also been found to pose a potential threat to the marine environment [1] . In response to the urgent demand for effective and environmentally friendly antifouling strategies, tremendous efforts must be made to discover and develop novel antifoulants derived from marine natural products [1] .
Recently, a number of antifouling substances have been isolated from marine algae, sea grasses, worms, mollusks, echinoderms, corals and sponges [2] . In comparison with conventional toxic biocides, some natural antifouling substances show a broadspectrum of antifouling activity, and they are less toxic, effective at low concentrations, biodegradable and reversible in effects [1] . However, since these natural antifouling substances are often present in extremely low concentrations in these marine macroorganisms, supply is a big problem, which limits the further study of these bioactive compounds. Thus, an increasing number of researchers have began to screen non-toxic or less-toxic antifouling metabolites from marine-derived microorganisms. Recent investigations on this topic permit us to recognize that marinederived microorganisms also can produce lots of non-toxic or lesstoxic antifouling metabolites [3] . Moreover, microorganisms can be cultivated in large amounts and can produce a large variety of chemical compounds under optimal conditions. All these factors make marine-derived microorganisms an important source of antifouling compounds and makes determining their optimal culture conditions a matter of priority [3] .
In our previous studies, many second metabolites from various marine-derived fungal strains were isolated and assessed for their antifouling activity in laboratory assays against the larval settlement of the bryozoan Bugula neritina and the barnacle Balanus amphitrite [4] . However, due to the limited availability of these compounds, few of them were assessed for their antifouling activity in field bioassays. In this study, we investigated in field bioassays the antifouling activity of two extracts and 19 fractions obtained from marine-derived fungal isolates of Aspergillus sydowii SCSIO 00305 and Penicillium chrysogenum SCSIO 00258. Furthermore, the main chemical components of four bioactive fractions obtained from the two extracts were analyzed and identified by liquid chromatography coupled with mass spectrometry (LC-MS), and by comparison with previous literature data. In addition, a main metabolite from P. chrysogenum SCSIO 00258, meleagrin, was evaluated and its antifouling activity confirmed in field bioassays.
In view of different biofoulers in different seasons, the antifouling activity of extracts 00305 and 00258 were evaluated in three phases. In the first, after submersion in seawater for four months from January to April 2013, many biofoulers were registered on the surface of the control PVC plates, including calcarina, bryozoans and ascidians (Figure 1) . However, only a few biofoulers were observed on the PVC plates treated with extracts 00305 and 00258. In the second phase, from May to August 2013, the main biofoulers were barnacles (Figure 1 ). Plates treated with extracts 00305 and 00258 exhibited very significant antifouling activity against barnacles compared with the control PVC plates (Figure 1 ). The coverage of adherent biofoulers on PVC plates treated with extracts 00305 and 00258 was much less in comparison with the control PVC plates. However, in the third phase, after submersion in seawater for four months from September to December 2013, all PVC plates, including those treated with extracts 00305 and 00258 Although the screening for antifouling compounds using laboratory based bioassays is a useful and quite reliable method, the ecological significance of laboratory bioassays appears to be very limited and the antifouling compounds should be confirmed by subsequent field experiments. In this study, field bioassays were applied in screening Marine-derived fungi are rich sources of chemically diverse natural products with a broad range of biological activities. In this study, A. sydowii SCSIO 00305 and P. chrysogenum SCSIO 00258 were found to produce products with a relatively broad spectrum of antifouling activity in field bioassays against several biofoulers, including calcarina, bryozoans, ascidians and barnacles (Figure 1) , suggesting that the two marine-derived fungal isolates were potent sources for developing novel natural antifoulants. The four fractions of the two strains were confirmed to exhibit significant antibarnacle activity in field bioassays (Figure 2 ).
Previous study reported that fumiquinazoline D and cyclotryprostatins B had strong anti-macrofouling activity in laboratory bioassays against the bryozoan B. neritina, and 12,13-dihydroxy-fumitremorgin C exhibited middle anti-microfouling activity against a biofilm-producing bacterium Staphylococcus aureus [6] . Of the four alkaloids α-methoxyroquefortine C, meleagrin, roquefortine C and isoroquefortine C, meleagrin was reported to be the strongest against the larval settlement of B. amphitrite larvae in laboratory bioassays [4c] . Study of the action mechanism of meleagrin against B. amphitrite larval settlement showed that meleagrin might affect the endocrine system and prevent the larval molting cycle [10] . The two fractions F00258-6
Antifouling metabolites from Aspergillus sydowii and Penicillium chrysogenum Natural Product Communications Vol. 13 (4) 2018 425 and F00258-7, comprised of meleagrin, α-methoxyroquefortine C, roquefortine C and isoroquefortine C, showed more significant antifouling activity against the barnacle B. amphitrite in field bioassays when compared with pure meleagrin (Figure 2 ), suggesting that combinations of different bioactive compounds could exhibit a stronger antifouling activity than a single compound in the complicated marine ecological environments. Besides antimacrofouling activity [4c], the four alkaloids also displayed distinct anti-microbial activity. For example, meleagrin displayed a middling antibacterial activity against a larval settlement-inducing bacterium Micrococcus luteus [4c, 11] ; isoroquefortine C displayed a remarkable antifungal activity, with a minimum inhibitory concentration of 12.5 μM against Colletotrichum gloeosporioides [12] .
Experimental

Isolation and identification of two marine-derived fungal isolates:
Healthy gorgonian corals were collected in the South China Sea near Sanya City (18°11'N, 109°25'E), Hainan Province, People's Republic of China. After rinsing 3 times in sterile seawater, 5 g of the gorgonian coral sample was cut into about 1 cm 3 pieces and homogenized using a sterile mortar with the addition of 10 volumes of sterile seawater. Then 0.1 mL of the resulting solution was plated on mPDA (marine PDA, 200 g potatoes, 20 g glucose, 20 g agar and 1000 mL seawater) medium with 0.5 g/L benzylpenicillin and 0.03 g/L rose bengal to inhibit bacterial contamination and incubated at 28°C for 7~21 days until the morphology of the fungi could be distinguished [13] . The fungal isolates were removed, placed on new mPDA media, and incubated at 28°C for pure culture. Fungal strains SCSIO 00305 and 00258 were isolated from the gorgonian corals Verrucella umbraculum and Dichotella gemmacea, respectively. The fungal strains were maintained on mPDA slants, stored at 4°C, and renewed periodically.
To identify the two fungal isolates by a molecular biological protocol, the total DNA of strains SCSIO 00305 and 00258 were extracted and their internal transcribed spacer (ITS) sequences were amplified by polymerase chain reaction using primers ITS1 and ITS4 according to the previously reported protocol [13] . After sequencing by Invitrogen (China), nearly full-length ITS sequences of strains SCSIO 00305 and 00258 were compared by Basic Local Alignment Search Tool searches with phylogenetic anchor sequences in GenBank and aligned with Clustal W in MEGA 6.0 [14] . The phylogenetic trees of fungal ITS sequences were performed using the neighbor-joining method with bootstrap values > 50% based on 1000 boot strap iterations [15] . Identification at the species taxonomic level was based on ≥ 97% ITS similarity [16] . The fungal ITS sequences of strains SCSIO 00305 and 00258 were deposited in GenBank under accession numbers KX266832 and KX266831, respectively. The ITS sequences of the strains SCSIO 00305 and 00258 showed 100% and 99% identity with those of Aspergillus sydowi (NR851041) and Penicillium chrysogenum (JF731255), respectively.
Fermentation and extraction:
Spores of the fungal strains were inoculated into 1000 mL Erlenmeyer flasks containing 300 mL liquid medium (glucose 1%, maltose 2%, monosodium glutamate 1%, KH 2 PO4 0.05%, MgSO47H 2 O 0.003%, corn steep liquor 0.05%, and yeast extract 0.3%, dissolved in artificial sea water, pH 6.5). After 30 days of stationary cultivation at 28C, the whole broths (about 50 L) were filtered through cheesecloth. Sterilized XAD-16 resin (20 g/L) was added to the liquor and shaken at low speed for 30 min to absorb the organic products. The resin was washed with distilled water to remove medium residue and then eluted with ethanol. The ethanol was removed under vacuum to give residues. The mycelium portion was smashed and extracted twice with 80% acetone/H 2 O. The acetone soluble fraction was dried in vacuo. The residues of liquor and mycelium extracts were combined together as extracts. Extracts 00305 (55 g) and 00258 (65 g) were obtained from the broths of strains SCSIO 00305 and 00258, respectively. Separation and fractionation of extracts 00305 and 00258: About 50 g of each extract was subjected to a normal silica gel column (200-300 mesh) and eluted with a step gradient of CHCl 3 /MeOH (100:0-70:30 for extract 00305 and 100:0-80:20 for extract 00258). Each collection (500 mL) was combined on the basis of its thin layer chromatographic (TLC) profiles. The schematic diagrams of separation and fractionation of extracts 00305 and 00258 are shown as Figure 5 . Based on TLC detection, 12 and 7 fractions were obtained from extracts 00305 and 00258, respectively. Field bioassays: Two fungal extracts, 19 fractions (F00305-1~12 and F00258-1~7) and pure meleagrin were subjected to conventional submerged bioassays based on Xu et al. [17] , with modification, to evaluate their antifouling activity against different biofoulers. Briefly, each extract, fraction or compound (0.4 g) was mixed with 10 mL 45% degradable polyurethane in xylene [18] . All prepared samples were painted individually onto a polyvinyl chloride (PVC) plate (10×10×0.3 cm). Ten mL 45% polyurethane in xylene was used as the control. Three replicates were set up for the treatments and control. After the solvent had evaporated, the treated and control plates were exposed to biofouling at a depth of 1 m at a fish farm in Daya Bay (114°32'59E, 22°40'37N), Shen Zhen, where they remained constantly submerged; typically the rafts were heavily fouled. In order to screen the antifouling activity against different marine biofoulers in different seasons, the field bioassays for the 2 extracts (00305 and 00258) were carried out in 3 phases (from January to April 2013, from May to August 2013, and from September to December 2013). The field bioassays for the 19 fractions and meleagrin were carried out from May to August 2014. The areas covered by the biofoulers were measured. The differences in coverage of biofoulers on the treated and control plates were statistically analyzed using one-way ANOVA analysis [3c].
